Stimulation of mast cells through the high affi nity IgE receptor (FcεRI) induces degranulation, lipid mediator release, and cytokine secretion leading to allergic reactions. Although various signaling pathways have been characterized to be involved in the FcεRI-mediated responses, little is known about the precious mechanism for the expression of tumor necrosis factor-α (TNF-α) in mast cells. Here, we report that rapamycin, a specifi c inhibitor of mammalian target of rapamycin (mTOR), reduces the expression of TNF-α in rat basophilic leukemia (RBL-2H3) cells. IgE or specifi c antigen stimulation of RBL-2H3 cells increases the expression of TNF-α and activates various signaling molecules including S6K1, Akt and p38 MAPK. Rapamycin specifi cally inhibits antigeninduced TNF-α mRNA level, while other kinase inhibitors have no effect on TNF-α mRNA level. These data indicate that mTOR signaling pathway is the main regulation mechanism for antigen-induced TNF-α expression. TNF-α mRNA stability analysis using reporter construct containing TNF-α adenylate/uridylate-rich elements (AREs) shows that rapamycin destabilizes TNF-α mRNA via regulating the AU-rich element of TNF-α mRNA. The antigen-induced activation of S6K1 is inhibited by specifi c kinase inhibitors including mTOR, PI3K, PKC and Ca 2+ chelator inhibitor, while TNF-α mRNA level is reduced only by rapamycin treatment. These data suggest that the effects of rapamycin on the expression of TNF-α mRNA are not mediated by S6K1 but regulated by mTOR. Taken together, our results reveal that mTOR signaling pathway is a novel regulation mechanism for antigen-induced TNF-α expression in RBL-2H3 cells. 
INTRODUCTION
Mast cells and basophils play a central role in the initiation of the symptomology associated with asthma and other allergic disorders. Activation of mast cells via aggregation of their high affi nity receptor for IgE (FcεRI) leads to activation of different signal transduction pathways as well as production of various cytokine and arachidonic acid or histamine release (Beaven and Metzger, 1993; Galli, 1993; Razin et al., 1995; Boyce, 2003) . The release of these potent mediators results in bronch constriction, vasodilation, tissue edema, leukocyte recruitment and other infl ammatory reactions in the mucosa (Kopeć et al., 2006) . All of these features are common in asthma and allergic diseases. The signal transduction pathways linking these events are important for the development of novel therapies for the treatment of mast cell-driven allergic disorders.
Mast cells bind IgE avidly via specifi c, high affi nity Fc receptors, termed FcεRI. FcεRI are heterotetrameric complexes comprising an IgE-binding, a subunit, a αβ subunit, and two and Bolen, 1992; Hutchcroft et al., 1992; Kawakami et al., 1994) and cause the tyrosine phosphorylation of multiple substrates, including immune receptor tyrosine-based activation motifs in the subunits of the heterotrimeric (αβγ 2 ) FcεRI itself (Li et al., 1992) . Activation of these PTKs, in turn, facilitates the translocation and phosphorylation of multiple substrates, including phospholipase Cγ (PLCγ) isozymes, phosphoinositide 3-kinase (PI3K) and the adaptor protein Grb2 (Turner et al., 1995) . Protein-tyrosine phosphorylation in turn activates a signaling cascade leading to inositol-1, 4, 5-trisphosphate (Ins (1, 4, 5)P 3 ) (Wilson et al., 1989) , Ca 2+ mobilization (Millard et al., 1988; Lee and Oliver, 1995) , Ras activation (JabrilCuenod et al., 1996) , and the activation of the ERK and JNK MAP kinases. These biochemical and ionic responses lead to functional responses, including 1. secretion, 2. actin polymerization, 3. membrane ruffl ing, 4. the assembly of actin plaques
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Although the FcεRI-mediated signaling cascade has been characterized, the regulatory mechanism governing mast cell degranulation and cytokine production is only partially understood. Also there are still unknown signaling cascades including mTOR-S6K1 signaling pathway and their functions in antigen-induced RBL-2H3 cells. The coordinated control of cell growth to produce a genetically predetermined cell size, organ shape or body plan is greatly infl uenced by mammalian target of rapamycin (mTOR) and its downstream effect or S6 kinase 1 (S6K1) (Um et al., 2006) . The anti-fungal macrolide rapamycin blocks mTORcomplex1 function by forming a gainof-function inhibitory complex with the immunophilin FK506 binding protein 1A (FKBP12) (Brown et al., 1994) . Rapamycin is a potent immune suppressive agent which inhibits the proliferation and the clonal expansion of interleukin-2-stimulated T cells (Combates et al., 1995) . Recent reports show that rapamycin can regulate cycin D3 and Il-3 mRNA levels through their 3'untranslated region (3'UTR) (Banholzer et al., 1997; Pallet et al., 2005) . AU-rich elements (AREs) are cis elements that are contained within the 3' UTR of the many short lived mRNAs and constitutes repetitive AU motifs which target the transcript for rapid deadenylation and degradation (Bakheet et al., 2001) . AREs promote deadenylation and subsequent degradation of the mRNA body (Shyu et al., 1991; Xu et al., 1997) . The targeted deletion of a very similar ARE from the mousegenomic TNF-α locus causes an apparent increase in TNF-α mRNA stability (Kontoyiannis et al., 1999) .
In this study, we attempted to investigate possible signaling pathways for TNF-α expression in response to the cross-linking of the high affi nity receptor for IgE (FcεRI). Our data show that rapamycin specifi cally inhibit TNF-α mRNA expression, while other kinase inhibitors have no effect on TNF-α mRNA level. The inhibition of TNF-α mRNA expression by rapamycin results from destabilization of the mRNA through regulating AU-rich element of TNF-α mRNA. However, the effect seems not to be mediated by S6K1, a downstream of mTOR, because antigen-induced TNF-α is reduced only by rapamycin but not by other molecules inhibiting S6K activity.
MATERIALS AND METHODS

Cell culture and reagents
RBL-2H3 cells were grown as monolayer in MEM medium (Gibco BRL) supplemented with 15% heat inactivated fetal bovine serum (HyClone Laboratories, Logan, UT, USA), and 1% penicillin/streptomycin (Gibco BRL). 293T cells were grown as monolayer in DMEM medium (Gibco BRL) supplemented with 10% heat inactivated fetal bovine serum (HyClone Laboratories, Logan, UT, USA), and 1% penicillin/streptomycin (Gibco BRL). Calphostin C, wortmannin, LY294002, Rottlerin were obtained from Calbiochem (LA Jolla, CA). Rapamycin, actinomycin D were obtained from Sigma (St. Louis, MO).
Cell stimulation by FcεRI cross-linking
RBL-2H3 cells were incubated overnight in a complete growth medium with 25 ng/ml DNP-specifi c IgE to achieve 100% occupancy of FcεRI. Cells were incubated with or without indicated inhibitor before adding stimulants, 25 ng/ml antigen (DNP-BSA).
Immunoblotting
Cell lysates were boiled in Laemmli sample buffer for 3 min, and 30 g of each protein was subjected to SDS-polyacrylamide gel electrophoresis. Proteins were transferred to polyvinylidene difl uoride membranes, and the membranes were blocked for 30 min in Tris-buffered saline containing 0.1% Tween 20 and 5% (w/v) dried skim milk powder, and incubated overnight with primary antibodies for with individual monoclonal or polyclonal antibodies. The immunoreactive proteins were detected using horse-radish peroxidase coupled secondary antibodies and through enhanced chemiluminescence, according to the manufacturer's (Amersham Pharmacia Biotech) instructions.
RT-PCR
Total RNA was extracted using the easy-BLUE TM total RNA extraction kit (iNtRON Biotechnology). Integrity of RNA was checked by agarose gel electrophoresis and ethidium bromide staining. One microgram of RNA was used as a template and reversed transcribed with the Superscript fi rst strand synthesis system (Invitrogen) according to the manufacturer's protocol. PCR was performed at 94 o C for 45 s, 55 o C for 45 s and 72 o C for 60 s for 30 cycles. The following primers were used: rat TNF-α forward 5'-CACCACGCTCTTCTGTCTACTGAA-3', re verse 5'-CCGGACTCCGTGATGTCTAAGTACT-3'; rat GAPDH forward 5'-GTGGAGTCTACTGGCGTCTTC-3', reverse 5'-CCAAGGCTGTGGGCAAGGTCA-3'.
Luciferase reporter gene assay
293T cells were seeded into 24-well plates and cultured for 24 h before transfection. TNF-α-luciferase reporter plasmid DNA (0.5 μg) or TNF-α ARE, (nucleotides 1,293-1,383); and ARE deletion (ARE-Del) was transfected using Lipofectamine transfection reagent (Invitrogen) for 24 h. After transfection, the media were freshly replaced and incubated for an additional 24 h following treatment with 20 nM TPA with or without 50 nM rapamycin. The luciferase activity of the cell lysates was measured according to the manufacturer's instructions (Promega). Relative luciferase activity was normalized by total protein content of the extract. TNF-α ARE and ARE deletion plasmids are kindly provided by Dr. William F. C. Rigby (Dartmouth Hitchcock Medical Center).
RESULTS
Stimulation of RBL-2H3 cells by FcεRI cross-linking activates various signaling pathways and induces TNF-α mRNA level
Downstream phosphorylation events following FcεRI aggregation are composed of complex signaling pathways and are responsible for various events such as degranulation, lipid mediator release, and cytokine secretion. Recently we reported the effects of Arecae semen on the phosphorylation of MAP kinase and the expression of TNF-α in RBL-2H3 cells . To obtain more insight for the effect of FcεRI aggregation, we examined antigen-stimulation in RBL-2H3 cells on the production of TNF-α and various signaling activation.
RBL-2H3 cells were stimulated with various concentration of antigenat various for several times. Consistent with previous report (Gu et al., 2001) , activity of AKT, p38 MAP kinase was obviously up-regulated by antigen-stimulation. Interest-www.biomolther.org ingly S6K1 activity also followed similar kinetic patterns by antigen-stimulation. AKT, S6K1, p38 MAP kinase were activated by antigen-stimulation, occurring at a concentration of 10 nM, reaching the maximum at 50 nM of antigen with a gradual reduction after 100 nM (Fig. 1B) . The increase in phosphorylation of S6K1, Akt and p38 MAP kinase was apparent at 5 min and sustained for 30 min (Fig. 1A) . In parallel to the various signal activation, TNF-α mRNA level reached a maximum in the range of 50 to 100 ng/ml of antigen and the TNF-α mRNA level was apparent as early as 5 min and sustained for 30 min ( Fig. 1C and D) . Collectively, these fi ndings suggest that FcεRI aggregation up-regulates various signaling pathways including mTOR-S6K1 signaling pathway and induces the expression of TNF-α in RBL-2H3 cells.
Rapamycin specifi cally reduces TNF-α mRNA level
We next tried to confi rm the role of mTOR signaling pathways in the transcription of TNF-α, which is one of the most important cytokines in immune reaction by IgE aggregation. Pretreatment of RBL-2H3 cells with rapamycin (10 nM), specifi c inhibitor for mTOR, or transcriptional inhibitor actinomycin D (10 μg/ml) completely abolished TNF-α transcription down to basal level ( Fig. 2A) . Interestingly pretreatment with PI3K inhibitor wortmannin (500 nM) or LY294002 (25 nM) had no effect on TNF-α transcription level (Fig. 2B) . Likely, other signaling inhibitors, PKC inhibitor and Ca 2+ chelator had no effect on antigen-stimulated TNF-α mRNA transcription ( Fig. 2C and  D) . These data indicate that the activation of mTOR signal pathway is necessary for antigen-induced TNF-α expression.
Rapamycin destabilizes TNF-α mRNA at post-transcriptional level
Recent evidence suggests that gene expression may be regulated, at least in part, at the post-transcriptional level by factors inducing the extremely rapid degradation of messenger RNAs. The adenylate/uridylate-rich elements (AREs) present within the 3'-untranslated region (UTR) of mRNAs represent the most characterized and well-conserved group of sequences that are functionally associated with the regulation of mRNA stability and translation (Garneau et al., 2007) . Several in vivo and in vitro evidences indicate that the posttranscriptional control of infl ammatory transcripts is strongly dependent on ARE-mediated mechanisms (Clark, 2000) . Using a TNF-α reporter gene, we investigated the effects of rapamycin on transcriptional activity of TNF-α. Rapamycin reduced TPA-induced TNF-α mRNA level in 293T cells, while it had little effect on TPA-induced TNF-α promoter activity ( Fig. 3A and B) . To confi rm the fact that rapamycin acts at the post-transcriptional level, we compared the decay of TNF-transcripts between rapamycin treated and untreated cells. The decay of transcripts from rapamycin treated cells was more rapid then controls (Fig. 3C) . Using reporter construct either has TNF-α AU-rich region or not, we investigated if ARE is the target region of rapamycin induced TNF-α mRNA destabilization. Treatment of rapamycin induced a signifi cant decrease in luciferase activity in 293T cells transfected with ARE contained construct (Fig. 3D) . Taken together, rapamycin regulates TNF-α mRNA at the post-transcriptional level and it mediates AU rich element of TNF-α 3' region.
The eff ects of Rapamycin on the expression of TNF-α mRNA are not mediated by S6K1 but regulated by mTOR
Because S6K1 activation is one of the most important downstream signals of mTOR, we next investigated whether the effects of rapamycin on TNF-α expression are mediated by S6K1. Also we previously reported various signaling molecules including Rac1 and PI3K mediate mitogen activation of S6K1 which plays an important role in cell proliferation and growth (Bae et al., 1999; Bae et al., 2004; Jung et al., 2003) . However, little is known about signaling molecules involved in S6K1 activation followed by FcεRI aggregation. So we examined upstream molecules of S6K1 activation using a variety of known inhibitors. Pretreatment of RBL-2H3 cells with rapamycin (10 nM) completely abolished S6K1 phosphorylation (Fig. 4A ). Also pretreatment with PI3K inhibitor wortmannin (500 nM) or LY294002 (25 nM) completely abolished S6K1 and Akt phosphorylation (Fig. 4B) . These data indicated that mTOR and PI3K were required for the stimulation of S6K1 by IgE sensitization. This was consistent with data that showed the involvement of PI3K and mTOR in growth factor-induced S6K1 signaling pathway (Brown et al., 1994; Weng et al., 1995) . Also incubation of RBL-2H3 cells with extracellular Ca 2+ chelator EGTA (2 mM) or the cellpermeant Ca 2+ chelator BAPTA-AM inhibited antigen-induced S6K1 phosphorylation (Fig. 4C) . These results indicate that antigen-stimulated S6K1 signaling pathway is dependent on intracellular Ca 2+ in RBL-2H3 cells.
PKC comprises a large family of multiple isoforms that ex- www.biomolther.org hibit distinct properties, including sensitivities to calcium and the phorbol ester family of tumor promoters. Pretreatment with calphostin C (0.5 μM), a pan-specifi c inhibitor, and rottlerin (5 μM), a PKCδ-specifi c inhibitor, signifi cantly attenuated the phosphorylation of S6K1 and Akt. These results suggest that antigen-induced Akt and S6K1 activation requires PKC signaling, and PKC. might be an important factor for Akt and S6K1 activation (Fig. 4D) . Although the antigen-induced activation of S6K1 is inhibited by specifi c kinase inhibitors including mTOR, PI3K, PKC and Ca 2+ chelator inhibitor (Fig. 4 ), TNF-α mRNA level is only reduced by rapamycin treatment (Fig. 2) . These data indicate that the effects of rapamycin on antigen-induced TNF-α expression are not mediated by S6K1.
DISCUSSION
FcεRI aggregation elicits the release of three major categories of infl ammatory mediators from mast cells; i) presynthesized granule-associated mediators, such as histamine and tryptase, which are released following exocytosis, ii)lipid-derived molecules, such as prostaglandin D2 and leukotriene C4, which are denovo synthesized and then released following cellular activation (Nakamura et al., 1991) , iii) cytokines and chemokines which are synthesized and released as a result of enhanced gene expression. TNF-α is expressed by lymphocytes and macrophages and is a critical mediator of joint infl ammation in rheumatoid arthritis. Activation of macrophages results in a 10,000-fold increase in TNF-α biosynthesis with only a 3-fold increase in transcription (Kontoyiannis et al., 1999) . Thus, the expression of TNF-α is primarily regulated at the level of messenger RNA (mRNA) stability and translation. This post-transcriptional regulation of TNF-α expression is mediated through an adenine-uridine-rich element (ARE) in its 3'-untranslated region (3'-UTR) (Kontoyiannis et al., 1999) .
Studies on signal transduction following antigen-mediated aggregation of FcεRI on the mast cell surface have identifi ed the roles of each signaling molecule in the initiation of infl ammatory reactions associated with allergic disorders. Several reports have identifi ed requirement of each signaling pathways for various events following FcεRI cross-linking in mast cells. PI3K is known to play a concerted role with PLCγ in the regulation of Ca 2+ infl ux in RBL-2H3 mast cells via a PI(3,4,5) P3-sensitive Ca 2+ entry pathway (Ching et al., 2001) . PKCε has been suggested to be implicated in the suppression of phospholipase (PL) A2 activation in MCs, indicating its involvement in negative regulation of calcium mobilization and/ or MAPK activation (Chang et al., 1997) . Also PKCε has been shown to positively affect transcription of Fos/Jun transcription factors (Razin et al., 1995) . Although the expression of TNF-α is one of the most important cytokines in immune reaction by IgE aggregation, the specifi c mechanism for antigen-induced TNF-α is yet to be defi ned.
Recent studies demonstrate that mTOR-S6K1 signaling pathway has a major role in cell growth by integrating growth factor and nutrient cascades. Using various model systems, it was shown that this pathway is essential for cellular homeostasis and that aberrant modulation of this pathway can contribute to obesity, diabetes and cancer (Dann et al., 2007) . However, little is known about the role of mTOR-S6K1 signaling pathway in immune responses including antigen-induced RBL 2H3 cells. S6K1 phosphorylates multiple sites of the 40 S ribosomal protein S6 resulting in a specifi c increase in the translation of a subset of mRNAs containing a polypyrimidine tract in their 5′-untranslated region (5′ TOP mRNAs) (Jefferies et al., 1997) . About 20% of the total mRNA in the cell consists of this class of mRNAs which encode many components of the protein synthetic apparatus. Consistent with this fi nding, inhibition of S6K1 activation by microinjection of neutralizing antibodies into cells, or by treatment of cells with the immunosuppressant rapamycin (Kuo et al., 1992) , severely suppresses cell cycle progression.
In this study we identifi ed the role of mTOR signaling pathway in response to the cross-linking of FcεRI in RBL 2H3. Treatment of RBL 2H3 cells with IgE and specifi c antigen (Ag) activates various signaling molecules including AKT, MAPK and S6K1. It is interesting that mTOR-S6K1 was activated by FcεRI cross-linking in mast cells since mTOR was known as an integrator of nutrient and growth factor signals and coordinator of cell growth and cell cycle progression. In addition, rapamycin specifi cally inhibited FcεRI-mediated induction of TNF-α expression suggesting mTOR signaling pathway was required for antigen-induced TNF-α expression. Using a actinomycin D or reporter constructs, these effects of rapamycin were post-transcriptional and resulted from destabilization of the mRNA. Transcripts from transgenes lacking AU-rich 3'region were refractory to rapamycin-induced degradation, suggesting that these 3' sequences were the target of the rapamycin effect. The antigen-induced activation of S6K1 was inhibited by specifi c kinase inhibitors including mTOR, PI3K, PKC and Ca 2+ chelator inhibitor, while TNF-α mRNA level was reduced by only rapamycin treatment. These data suggest that the effects of rapamycin on the expression of TNF-α mRNA are not mediated by S6K1 but regulated by mTOR.
Taken together, these results provide a previously unrecognized link between the mTOR signal pathway and antigenmediated signal pathway in mast cells, and they also show that mTOR signal pathway is a key regulation mechanism for regulating TNF-α expression in immune response.
